9 10 Co-firing of solid biomass in existing large scale coal power plants has been supported in many 11 countries as a short-term means to decrease CO 2 emissions and rapidly increase renewable 12 energy shares. However, many countries face challenges guaranteeing sufficient amounts of 13 biomass through reliable domestic biomass supply chains and resort to international supply 14 chains. Within this frame, novel pre-treatment technologies, particularly pelletization and 15 torrefaction, emerged in recent years to facilitate logistics by improving the durability and the 16 energy density of solid biomass. This paper aims to evaluate these pre-treatment technologies 17 from a techno-economic and environmental point of view for two reference coal power plants 
Introduction
57 In many Western countries, co-firing of solid biomass and coal has been supported by 58 renewable energy schemes as a means to obtain rapid and significant decreases in GHG 59 emissions. Up to 2010, more than 230 power plants had experienced some co-firing activity, 60 most of them in the US and northern Europe [1] . Several European countries, in addition to the 124 For this purpose two cases of reference plants will be examined in different national contexts, 125 i.e. Italy and GB, as those countries are characterized by low shares of solid biomass in the 126 primary energy mix and therefore have a high potential for increase. International and local 127 biomass supply chain scenarios are configured, i.e biomass flows and properties are quantified, 128 capacities and input-output flows of treatment plants are determined both for long and short 129 distance supply chains, as well as collection, transportation and storage requirements. For long 130 distance supply chains black pellets and white pellets scenarios are considered, whereas for 131 short distance supply chains wood chips are also evaluated. Section 2 describes the case studies 132 discussed in this paper. Alternative supply chain configurations are modelled on a spreadsheet 133 simulation model as illustrated in section 3, which presents the economic and environmental 134 parameters used as model inputs for the two case studies. In section 4, the least cost 135 configurations for international and local supply chains are evaluated, and the performance of 136 short and long distance supply chains is compared, considering also their contribution to the 137 economic and environmental performance of produced electricity and corresponding costs of 138 CO 2 avoidance. In section 5, the sensitivity of the model results to the most influential uncertain 139 parameters is analysed, while general conclusions and directions for future research are derived 140 in section 6. 256 Data and sources about the co-firing plants are reported in Table 2 .
257 The properties of wood chips before drying, mainly considered for short supply chains and 258 available at the roadside are reported in Table 3 , while the properties of treated biomass (WP, 259 BP and dried C) are summarized in Table 4 .
260 Table 2 Reference co-firing plant characteristics. 261 Table 3 Properties of biomass before treatment, after chipping at the roadside. 262 Table 4 Properties of pellets (short and long supply chain) and chips (only short supply chain) after treatment. 268 Combining all sourcing and pre-treatment options examined yields 20 alternative configuration 269 scenarios, described in Table 5 , where ISO codes are used as abbreviations for country names.
270 Table 5 Summary of all cases studied. 300 The average shipping distance between export and import ports is reported in 301 Table 9. 302 Table 6 Model input data: transport parameters.
303 Table 7 Model input data: storage and chipping parameters. 304 Table 8 Model input data: electricity emission factors, biomass and fuels prices.
305 Table 9 Average distance between the ports in nm (nautical miles) and km. 
Results and discussion
324 Economic and carbon emissions analysis has been performed for all supply chain configuration 325 scenarios studied. The costs and the emissions associated with the supply chain are reported 326 with respect to GJ of biomass delivered. In order to address the three main research questions 327 and to facilitate presentation of the results for the 20 scenarios, the analysis focuses first on 328 long distance supply chains, to assess whether torrefaction is economically and 329 environmentally justifiable compared to pellets and to determine the best performing supply 330 chain scenarios. Secondly, short supply chains are studied to establish which supply form (WP, 331 BP or C) is preferable for each case. Finally, the best performing short and long distance options 332 are compared to highlight the relationship between long and short distance supply alternatives.
4.1 Long distance supply chains
334 In order to have the same amount of thermal energy input for a co-firing plant with 8% of 335 biomass on an energy basis, the quantity of biomass delivered at the final user changes 336 depending on its energy content.
337 The initial and delivered quantities for all pre-treatment methods, considering the detailed 338 supply chain stages are shown in Table 10 . The amount of raw biomass needed for the 339 international supply chains is significantly higher than for the wood chips local supply chains, 340 due to the torrefaction and pelletization process energy requirements. For long distance supply 341 in particular, the difference between L/BR and L/MZ&US initial biomass flow stems from the 342 mass losses of the first transport stage, as the additional transhipment stage between truck and 343 train in MZ and US increases the mass losses.
344 Table 10 Initial and final biomass flows. Table 9 ). The least cost long-distance supply chain to GB is the one supplying BP from Brazil.
372 This is due to the lower cost of biomass and to the relatively shorter shipping distance compared 373 to other supply chain configurations. 374 4.1.2 Environmental impact breakdown and comparison 375 Pre-treatment and sea transportation are also the phases with the highest impact on the CO 2 376 equivalent emissions of long distance supply chains, as highlighted in Figure 5 . In the case of 377 white pellets, also pulverisation at final plant has a significant impact, especially in Great 378 Britain due to the higher carbon emission factor for electricity generation (see Table 8 ).
379 International differences in electricity related emission factors remarkably affect the 380 environmental impact of pre-treatment, particularly of the energy intensive torrefaction and 381 pelletization process.
382 Figure 5 Emission factor breakdown for WP and BP on long distance supply chains.
383 Figure 5 shows that the emissions of the supply chain from US are significantly higher than 384 from other supply locations, because of considerable indirect emissions associated with pre-385 treatment. The reason is that the electricity mix of US is based mainly on fossil fuels while the 386 electricity produced in Mozambique and Brazil comes mostly from hydroelectric energy, 387 which leads to a much lower electricity emission factor (Table 8) . For this reason, Mozambique 388 is the best sourcing area for both Italy and Great Britain from a carbon emissions perspective, 389 followed by Brazil.
390 As a whole, the higher number of sea trips required yearly for WP compared to BP because of 391 the lower density of WP, and subsequent sub-optimal utilisation of the ship cargo capacity, is 392 such that additional environmental impact associated with the torrefaction process is 393 compensated by lower sea transportation impact both in the Brazil and Mozambique cases.
394 Also for supply chains of US origin, BP are preferable to WP, but this is mainly due to 395 additional emissions for pulverising white pellets at the plant before co-firing them, rather than 396 to gains in sea transportation and handling at the port related emissions alone. Thus, for all the 397 long distance supply chains considered, delivering BP appears preferable to WP not only from 398 an economic but also from an environmental point of view. Figure 6 , the purchasing cost of biomass has the highest share on total costs, 416 particularly in Italy. The situation in Great Britain (Scotland) is more favourable, while 417 Slovenia seems the least cost regional sourcing option for Italy with any pre-treatment method.
418 Due to the low bulk density of wood chips, the stages of transport, handling and storage highly 419 affect the costs of the wood chips (C) supply chain compared to pelletization based options.
420 Nevertheless, because of high electricity costs in all short distance supply countries, pre-421 treatment is expensive and additional costs are not compensated by efficiency gains in logistics.
422 Therefore C are less expensive than pellets in all the short distance supply chains examined.
423 Differences between WP and BP delivered costs are minimal. 
4.2.2 Environmental impact breakdown and comparison
426 The emissions of pre-treatment and pulverizing at the co-firing plant influence considerably 427 the total emissions of the supply chain ( Figure 7 ). This is due to the high emissions factors of 428 electricity in the supply and importing countries (Table 8) . Transport related emissions for C 429 are sensibly higher than WP and BP due to the lower bulk density of wood chips and, as a 430 consequence, to the higher number of trips necessary to supply the plant; however, these 431 differences do not make up for the additional impact of pelletization-based processes, with the 432 notable exception of Slovenia. In fact the carbon equivalent emission of the S/C/SI-IT supply 433 chain is about 12 % higher than the S/BP/SI-IT, mainly because Slovenia has the lowest carbon 434 emissions factor among the sourcing areas considered for local supply [79] , and thus the 435 environmental impact of pelletization and torrefaction is correspondingly reduced. It should 436 nevertheless be stressed that, from an economic viewpoint, C remain the least cost option even 437 for the S/SI-IT supply chain.
438 Figure 7 Emissions factor composition for WP, BP and C on local supply chains.
439 As a conclusion, in short distance supply chains the best option, both from an economic and an 440 environmental perspective, is to deliver biomass as wood chips, irrespective of the 441 geographical context. Therefore, wood chips will be considered as the reference short distance 442 biomass supply chain for the comparison with long distance supply chains. For the case of 443 Italy, wood chips from Slovenia will be considered as a reference, due to the lowest cost and 444 lower emissions compared to supply from northern Italy. Figure 3) , considering the fossil fuel and electricity use, multiplied by the respective 499 emissions factor. For the co-firing scenario, the total supply chain emissions consist of both 500 coal and biomass supply chain emissions for the respective amounts of each fuel used. All 501 emissions have been divided by the amount of electricity generated in each scenario. Regarding 502 the numerator of Eq. 1, LCOE of the firing plant is the total annual cost of coal needed in a 503 firing plant with 600 MWe output gained only from coal combustion divided by the total annual 504 electricity produced. LCOE of the co-firing plant is instead the sum of total annual coal cost 505 and biomass cost at the plant gate (assessed in this work), divided by the total annual electricity 506 produced.
507 Figure 10 illustrates the emissions reduction in the cases studied (8% biomass co-firing) 508 compared with a coal firing system with the characteristics of the base reference plant reported 509 in Table 2 . In other words, Figure 10 illustrates the denominator of Eq. 1 for the case of concern 510 expressed in percentage terms. 522 kgCO 2 eq/GJ as calculated for various solid biomass supply chains in the present work. As a 523 result, substituting coal with biomass always leads to a considerable reduction in carbon 524 emissions, in the order of 7 -7,7% in relative terms for an 8% co-firing ratio, which in absolute 525 terms for the reference plant would mean a notable range of avoided emissions between ca 285 526 -309 ktCO 2 eq/year depending on the biomass supply chain adopted. 551 Similarly, since it was also found that some long distance BP supply chains are preferable to 552 short distance wood chips supply, it was decided to determine switching values also for this 553 relationship.
554
The switching values for supply chain costs are reported in Table 11 and for supply chain 555 CO 2 eq emissions in Table 12, 567 To simplify representation only some of the possible configurations are reported in Table 11 568 and in Table 12 , based on economic performance ranges. In particular, for long-distance supply Table 11 , switching values for supply chain costs are reported as percentage variations on 579 the parameter baseline values used in the analysis.
580 Table 11 Switching values for supply chain costs, expressed as percentage variation from baseline values. 581 5.1.1 Effect of CAPEX, fuel and electricity price 582 As shown in Table 11 , economic parameters such as fuel cost, electricity price and CAPEX 583 could change significantly without affecting final decisions on the least cost biomass supply 584 chain configurations. An increase around 130-170% in capital costs of torrefaction equipment 585 or -equivalently -a reduction in its expected lifetime around 70-80% make WP more 586 economical than BP for international supply but, at the same time, determine a switch from 587 long distance to local bioenergy supply chains. 1027 Table 11 Switching values for supply chain costs, expressed as percentage variation from baseline values. 
